Introduction
The epithelium of the intestine is a single cell layer that separates the highest concentration of foreign antigen from the largest population of lymphocytes in the body. Numerous reports have described the expression of a low level of HLA class II antigens on the surface of normal intestinal epithelial cells (IECs) 1 (1) and have demonstrated that increased expression of these molecules is associated with a diverse group of pathological conditions including inflammatory bowel disease (IBD) (1), graft versus host disease (GVHD) (2) and celiac disease (3) . Since the expression of HLA class II molecules is a prerequisite for cells that function as antigen presenting cells (APCs) to CD4 ϩ T lymphocytes (for review see reference 4), these observations suggested that the intestinal epithelium might function in the initiation and/or regulation of CD4 ϩ T cell responses in the mucosa of the intestinal tract. Importantly, mucosal CD4 ϩ T cells are implicated in the pathogenesis of IBD (5) and are required for the establishment of oral tolerance (6) (7) (8) .
Efficient processing and presentation of antigens to CD4 ϩ T cells requires not only the expression of HLA class II molecules, but also the invariant chain (Ii), the HLA-DM ␣␤ heterodimer, and a series of proteases that facilitate partial proteolysis of both internalized antigen and class II biosynthetic intermediates (for review see references 9 and 10). In most cells with known APC function (e.g., B cells, macrophages, and dendritic cells), the expression of these molecules is coordinately regulated (11) . The intestinal epithelium illustrates an interesting exception, where the expression of HLA class II molecules has been observed in the absence of Ii (12) . In fact, some have speculated that the HLA class II molecules expressed constitutively on the gut epithelium may have a different function from those induced by mucosal inflammation (13) . Several groups have described the presentation of antigens by IECs in human (14) , rat (15) , and mouse (16) . However, no studies, to date, have provided a detailed molecular analysis of the HLA class II processing pathway in IECs to address potential differences in the structure and function of HLA class II molecules in these cells before and after cytokine stimulation. Using well-characterized human IECs engineered to express constitutive class II molecules by retrovirus-mediated gene transfer, we have investigated the ability of IECs to both process and present peptide antigens to human CD4 ϩ T lymphocytes in the presence or absence of ␥ -IFN. In the presence of ␥ -IFN, IECs used a conventional class II pathway that involves Ii and HLA-DM, was inhibited by leupeptin, and facilitated efficient antigen processing and presentation even at low antigen concentrations. Without ␥ -IFN, less efficient antigen presentation, which required a higher concentration of antigen and was not sensitive to leupeptin, was observed. These data suggest that IECs use two distinct pathways for class II-mediated antigen presentation to CD4 ϩ T lymphocytes, and that the relative use of these respective pathways will vary depending on the degree of mucosal inflammation.
Methods
Cell lines and human IEC. The human colon carcinoma cell lines T84 and HT-29 and SW620 were obtained from the American Type Culture Collection (Rockville, MD). T84, SW620, and the fibroblast retrovirus-producing lines PE-501 and PG-13 were grown in DME supplemented with 10% vol/vol FBS (Hyclone, Logan, UT), 20 mM supplemental glutamine, nonessential amino acids, and penicillin/ streptomycin. HT-29 cells were grown under undifferentiated conditions in McCoy's medium supplemented as above. The B lymphocyte cell line (B-LCL) Priess (homozygous for HLA-DRB1*0401), the HLA class II and HLA-DM ␣␤ negative Bare Lymphocyte Syndrome (BLS)-1 cell line transfected with HLA-DRB1*0401 (17) , the B-LCL MAT, and the T2 cell line containing a HLA class II homozygous deletion were grown in RPMI with 10% vol/vol FBS. The HLA-DRB1*0401 restricted T cell hybridoma cell lines described below were passaged twice weekly in RPMI with 10% vol/vol FBS and 50 M ␤ -mercaptoethanol.
The IEC lines were HLA-DR and HLA-DQ genotyped by reverse dot blot hybridization (18). The following HLA haplotypes were identified: T84 (DRB1*0101/09012, DRB4*0101, DQA*0101/ 0501, DQB*03/0303), and HT-29 (DRB1*0402/0701, DRB4*0101, DQA*03/0201, DQB*0302/0201).
Human IEC were prepared from surgical specimens essentially as described (19) (20) (21) . Each preparation of cells was stained with various mAb, analyzed by flow cytometry, and found to be Ͻ 2% CD3 ϩ and Ͼ 95% B9 ϩ (an IEC specific mAb, kindly provided by L. Flow cytometry. Adherent cells were trypsinized and washed one time in cold PBS. Approximately 10 6 live cells were stained with saturating concentrations of monoclonal antibody in PBS with 0.02% sodium azide and 0.5% FBS (staining buffer) at 4 Њ C for 30 min. Surface expression of HLA-DR was detected with the monoclonal Ab L243 (22) . The secondary reagent used to detect surface staining was phycoerythrin-conjugated goat anti-mouse IgG (Jackson ImmunoResearch Labs Inc., West Grove, PA). A nonspecific isotype matched antibody was used in each experiment to determine background staining. Cells were analyzed and sorted on a FACSCAN ™ flow cytometer.
Generation of retroviral transfectants. The HLA-DRA and -DRB containing retroviral vectors used have been described previously (17, 23) . Briefly the HLA-DRA or -DRB cDNA was expressed under the control of the CMV-IE promoter and the cDNA for the dominant selectable marker (hygromycin-resistance for the DRA vector and neomycin-resistance for the DRB vectors) was expressed under the control of the viral LTR. 10 6 epithelial cells were plated 24 h before infection. The cells were washed once, then 3-4 ml of fresh, 0.45 l filtered, viral supernatent supplemented with 4 g/ml polybrene were added to the adherent cells. After ‫ف‬ 8 h, 5 ml of fresh complete medium was added and the cells were cultured for 48 h before drug selection. The cells were first infected with the DRA vector, selected as pools and then infected with the DRB vectors. For HT-29 cells, after the second infection, clones resistant to hygromycin and neomycin were identified, isolated using standard glass cloning rings and expanded and analyzed as clones. T84 cells were resistant to cloning and pools of hygromycin and neomycin resistant T84 cells were expanded and analyzed.
Immunoblotting and analysis of HLA class II dimers. The antibodies used in these studies were: anti-Ii, Pin-1, and anti-HLA-DM ␤ rabbit serum (24) (both kindly provided by Dr. Peter Cresswell, Yale University, New Haven, CT); anti-HLA-DM ␣ rabbit serum derived after immunization of rabbits with a peptide (amino acids 73-95) derived from HLA-DM ␣ ; anti-HLA-DR ␣ , DA6.147 (kindly provided by Dr. Veronica Van Heyningen, MRC Human Genetics Unit, Western General Hospital, Edinburgh, United Kingdom).
Cells were trypsinized, as necessary, and washed once with PBS at 4 Њ C. The cells were then lysed at 5 ϫ 10 7 /ml in lysis buffer (1% NP-40, 0.15 M NaCl, 5 mM EDTA, 50 mM Tris-Cl, pH 7.2, 1.0 mM PMSF, 1.0 g/ml leupeptin, and 1.0 g/ml pepstatin) for 30 min on ice; protease inhibitors were obtained from Boehringer Mannheim Biochemicals. 5-10 ϫ 10 6 cell equivalents of a cleared lysate were mixed with the appropriate volume of 2 ϫ sample buffer (1 ϫ concentration: 62.5 mM Tris-Cl, pH 6.8, 2% SDS, 10% glycerol) with 100 mM DTT added fresh. The samples were boiled for 10 min, electrophoresed on a 10% polyacrylamide gel, transferred to nitrocellulose, and then immunoblotting was performed. Binding of primary antibodies was detected using peroxidase-conjugated F(ab Ј ) 2 goat anti-mouse IgG ϩ IgM (Jackson ImmunoResearch Laboratories, Inc.) and a chemiluminescent substrate for peroxidase, ECL, (Amersham Corp., Arlington Heights, IL) followed by exposure to film.
To detect HLA class II ␣␤ dimers, 5-10 ϫ 10 6 cell equivalents were mixed with the appropriate volume of 2 ϫ sample buffer with or without the addition of DTT. The nonreduced samples were incubated at room temperature for 30 min, and the reduced samples were boiled for 10 min before loading the samples on a 10% polyacrylamide gel. Immunoblotting with the DA6.147 was performed as outlined above. The DA6.147 mAb detects both HLA-DR ␣␤ heterodimers and HLA-DR ␣ monomers.
Reverse transcriptase (RT)-PCR analysis. RNA was prepared from cells using the Quickprep Micro ® mRNA purification kit (Pharmacia LKB Biotechnology, Inc., Piscataway, NJ) and converted to cDNA using the Superscript ™ preamplification system (GIBCO BRL). Primers used for glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were 5 Ј TGA TGA CAT CAA GAA GGT GGT 3 Ј , 5 Ј CAG TGA GGG TCT CTC TCT TCC 3 Ј ; for HLA-DMA were 5 Ј ACT TTT CCC AGA ACA CTC GG 3 Ј , 5 Ј CTG GAA GCT GAG TCC ATC G 3 Ј ; and for HLA-DMB were 5 Ј ACA GCA CCT CAA CCA AAA AGA 3 Ј , 5 Ј GGG GTT AAG GCT AAA TGG GA 3 Ј . Reactions were performed using 1.25 U Taq polymerase, and 30 cycles of 1 min each at 94, 53, and 72 degrees. This resulted in the generation of a 301-bp, a 341-bp, and a 321-bp for GADPH, DMA, and DMB, respectively. Products of the individual reactions were electrophoresed on 2% agarose gels and stained with ethidium bromide.
Antigen presentation assays. Antigen specific, HLA-DRB1*0401 restricted T cell hybridomas were kindly provided by D. Zaller and L.Wicker (Merck Research Labs, Rahway, NJ). The tetanus-specific T cell hybrid 49.23.2, and the HSA-specific T cell hybrid 17.9 were generated after immunization of a DRA*DRB1*0401 transgenic mouse with tetanus or HSA, respectively (25). Protein antigens used were tetanus toxoid (TT) (either Wyeth Refined Concentrate; Wyeth-Ayerst, Swiftwater, PA, or #0054-04-2; Connaught, Marietta, PA) or HSA (protease free, #A4327; Sigma Chemical Co.). Before use, they were extensively dialyzed at 4 Њ C against PBS.
For the antigen presentation assays using the adherent epithelial cell lines, the cells were cultured as indicated in the presence of 500 U/ml of ␥ -IFN for 48 h. Cells were then trypsinized and plated at 40 ϫ 10 Ϫ 3 cells per well in a flat bottom 96-well plate in the presence of ␥ -IFN as indicated, and allowed to adhere overnight. The cells were pulsed with antigen at the indicated concentration for 6 h at 37 Њ C and free antigen was removed. 10 5 T cells were then added and cocultured with the epithelial cells for 24 h, after which the supernatent was col-lected. For the assays using the B-LCL Priess and the BLS-1 HLA-DRA, DRB1*0401 transfectant, the cells were pulsed with antigen in suspension for 6 h and washed several times. Fixation, where indicated, was performed by washing cells once with PBS and incubation for 10 min with PBS containing 1% paraformaldehyde followed by two washes in PBS. T cell IL-2 and IL-4 production was determined by survival of the IL-2/IL-4-dependent cell line HT-2 by measuring [ 3 H]thymidine incorporation (1.0 Ci per well). All assays shown were done in triplicate and repeated at least three times with similar results.
For the drug inhibition studies, cell lines were pulsed with the drug for 1 h before the addition of antigen. The 6 h incubation with antigen was in the presence of drug, and the cells were washed to remove drug and antigen before addition of the T cell hybridoma cells. The doses used were determined to be noncytopathic to the epithelial cells by light microscopy.
TT-specific DRB1*0401-restricted human T cell clones were derived as in (26) from PBMC obtained from a DRB1*0401/DRB1* 0101 donor and enriched for T cells by passage over nylon wool. These cells were stimulated in the presence of 20 U/ml IL-2 by autologous PBMC which had been pulsed with 2 M TT for 4 h and irradiated. This T cell culture was restimulated weekly. Clones were obtained by limiting dilution at ratios of 0.3, 3, and 10 cells per well in Terasaki plates performed at the beginning of the third week. These clones were screened for DRB1*0401 restriction and TT specificity with a panel of B-LCL of known homozygous HLA haplotype. For proliferation assays, the epithelial cells used as APCs were ␥ -irradiated with 15,000 rad before plating at 40 ϫ 10 3 cells per well in 96-well microtiter plates. After allowing the cells to adhere overnight, the APCs were pulsed with TT for 4 h and washed to remove free antigen. 50,000 human T cells were then added to each well, and the T cells and epithelial cells were coincubated for 72 h, with 1.0 Ci per well [ 3 H]thymidine present during the last 16 h. The cultures were harvested onto glass fiber filters using an LKB cell harvester and radiolabel incorporation measured by scintillation spectroscopy and recorded as counts per minute. All data points were obtained using triplicate cultures. Cathepsin analyses. 2-5 ϫ 10 7 cells were lysed in 20 mM Hepes, 1% Triton X-100, pH 6.8, on ice and the nuclei removed by 5 min centrifugation in the cold at 1,000 rpm. The lysates were assayed for protein using the Bio-rad protein assay reagent (Bio-Rad Laboratories, Richmond, CA) (27) and several dilutions of each cell lysate were tested in the protease assays to ensure the linear nature and reproducibility of enzyme activity measurements. Cathepsins B, L, and H were detected using a fluorometric assay with the following substrates: for cathepsin B: ZArg ArgNMec; cathepsin L: ZpheArgNMec; and cathepsin H: Arg- NMec (28, 29) . Assays were run for 30 min at 37 Њ C in duplicate and enzyme activity calculated as m units or n moles product formed per minute. Aspartyl protease activity was measured using 1.6% hemoglobin as a substrate in 0.2 M sodium acetate, 0.2 M KCl, 0.1% Triton X-100, pH 4.5, in the presence and absence of 5 g/ml pepstatin A. These assays were run for 1 h at 37 Њ C, followed by precipitation of undigested substrate with trichloroacetic acid and detection of the soluble peptide products with ninhydrin reagent at OD 570 nm (30) . Aspartyl protease activity was calculated such that one unit is equal to the amount of peptide formation inhibitable by pepstatin per microgram cell protein per hour. All assays were repeated twice and the SEM was Ͻ 10%.
Results
␥ -IFN induces HLA class II antigens, Ii, and HLA-DM ␣␤ , and modulates protease activity in IECs. The IEC lines T84 and HT-29 were analyzed by flow cytometry for expression of endogenous HLA-DR molecules on the cell surface before and after stimulation with ␥-IFN. Despite the presence of HLA-DRA and HLA-DRB message detectable by RT-PCR (HT-29 and T84) and intracellular HLA-DR observed by confocal microscopy (T84) in the absence of cytokine stimulation (data not shown), constitutive surface expression of HLA-DR was not detectable by flow cytometry (Fig. 1 A) . Surface expression of HLA-DR molecules was induced by ␥-IFN , with ‫ف‬ 50% maximal surface expression of HLA-DR detected 24 h after adding ␥-IFN and maximal expression seen after 48 h. HLA-DQ expression was also detected after stimulation with ␥-IFN, but with very different kinetics. Surface expression was not seen until day 7 after stimulation, with maximal levels at day 9 (data not shown).
The Ii and the HLA-DM ␣␤ heterodimer are required for optimal antigen processing via the HLA class II pathway (for review see references 9 and 10). In general, these molecules are coordinately regulated with HLA-DR expression, although the expression of the HLA class II ␣␤ heterodimer in the absence of Ii has been reported in IECs (12) . However, other investigators have demonstrated the constitutive expression of Ii in IEC in human (31) and mouse (32) . We performed Western blots using antibodies specific for Ii, HLA-DM ␣, and HLA-DM ␤ to assess whether the epithelial cell lines express these molecules constitutively or after induction with ␥-IFN. For these experiments, we included the T2 cell line (which has a deletion on chromosome 6 that spans the class II region of the MHC including the genes encoding HLA-DM ␣ and ␤), as a negative control. The expression of the Ii gene (located on human chromosome 5) is unaffected in this mutant cell line. As seen in Fig. 1 B, no constitutive Ii was detectable in the IEC lines, but the p33 species of Ii was readily inducible in the ␥-IFN treated cells. As seen in Fig. 1 B, HLA-DM ␣ and ␤ protein was detectable only after treatment with ␥-IFN. The expression of both the ␣ and ␤ subunits of HLA-DM is required for the accessory role of these proteins in facilitating antigen presentation.
To extend these findings both to normal human IEC and to IBD, we performed RT-PCR using primers specific for either HLA-DMA or -B on cDNA prepared from both intact tissue and purified IEC from normal or inflamed colon tissue. The T2 cell line was used to ensure specificity of the PCR for DMA and DMB. As shown in Fig. 2 , expression of HLA-DMA and -B was only seen in the inflamed colon and IEC. Overnight culture of both noninflamed or inflamed IEC in the presence of ␥-IFN resulted in further induction of both HLA-DM genes, without affecting the expression of GAPDH (data not shown).
The expression of cysteine proteases (cathepsins B, L, and H) has been described in the mucosa of the gastrointestinal tract, and these enzymes were histochemically localized to enterocytes of the rat duodenum (33) . We performed an analysis of both the cysteine and aspartyl-protease activity in our human IEC lines. The results of the protease assays are shown in Table I , and are representative of three independent assays on each cell line. In all instances, the constitutive activity of cathepsins B, L, and H, as well as the aspartyl-proteases equaled or exceeded that seen in the human B-LCL Priess. The activity of cathepsin B in the T84 cell line showed a modest (2-3-fold) increase after ␥-IFN stimulation, similar to the increase that is seen in macrophages (Blum, J., unpublished data). Interestingly, the aspartyl-protease activity (and to a lesser extent, the cathepsin L and H activity) was lower after ␥-IFN stimulation of T84 cells in each experiment. No significant patterns or changes in protease activity were observed in the HT-29 cell line after stimulation with ␥-IFN.
In the absence of ␥-IFN, expression of a transfected HLA class II allele in IEC lines results in HLA molecules with an altered conformation. To permit the study of the HLA class II molecules and the processing pathway in IECs in the presence or absence of proinflammatory cytokines, we used retroviral gene transfer to constitutively express a specific HLA-DR al- lele in human IEC lines. Few HLA-DR restricted, antigenspecific T cell hybridomas have been reported. We had described previously studies using a panel of HLA-DRB1*0401 restricted T cell hybridomas that were generated in a HLA-DRB1*0401 transgenic mouse (22, 25) . As determined by HLA genotyping, neither of the cell lines contained the HLA-DRB1*0401 allele. Accordingly, we chose the HLA-DRB1*0401 allele for our transfection studies. The IEC lines were infected with recombinant retroviruses that directed the surface expression of the HLA-DRA/HLA-DRB1*0401 (DR4) heterodimer. This was accomplished by serial infection first with a retroviral vector expressing the nonpolymorphic DRA allele, followed by infection with a second recombinant virus expressing either the DRB1*0401 allele, or the DRB1*1101 (DR5) allele to be used as a negative control in the processing experiments. As shown in Fig. 3 A, levels of surface expression similar to that after ␥-IFN induction could be attained in clones (in HT-29) or pools (in T84) of infected cells. In all of the transfectants, we verified the specificity of the expressed HLA-DR using allele specific antibodies (data not shown). The expression seen was stable over 2-3 mo, and fresh aliquots of cells were thawed after every 10-12 passages for use in the antigen processing studies.
In the absence of HLA-DM ␣␤, HLA class II antigens display an altered conformation, evidenced by a marked reduction in their ability to form stable ␣␤ heterodimers in the presence of SDS (22, 34) . This reflects a relatively inefficient removal of Ii peptides from the peptide binding groove of HLA-DR and a less efficient loading of peptides that would result in a compact form of the HLA-DR ␣␤ heterodimers that is stable in SDS (35) . To determine whether (a) HLA class II antigens differ biochemically when expressed in B lymphocytes as compared to IECs, and (b) Ii and HLA-DM ␣␤ can alter the conformation of the HLA class II antigens, we looked for SDS-stable HLA class II ␣␤ heterodimer in the IECs transfected with HLA-DRB1*0401. As a negative control, we used a BLS-1 cell line expressing the same transfected HLA-DRB1*0401 allele. We have shown previously that BLS cells, which do not express HLA-DM ␣␤ because of a defect in the transcription factor RF-X, do not generate SDS-stable dimers (Fig. 3 B and  reference 22) . Similarly, SDS-stable HLA class II ␣␤ heterodimers are not observed in either the HT-29 and T84 HLA-DRB1*0401 transfectants (Fig. 3 B, Ϫ␥-IFN) . However, the same transfectants treated with ␥-IFN (resulting in the induction of both Ii and HLA-DM ␣␤) contain SDS-stable dimers. These data suggest that IECs display different MHC-peptide complexes in the presence or absence of inflammatory mediators.
Distinct antigen processing pathways in the epithelial cell HLA class II transfectants in the absence or presence of ␥-IFN.
The presence of stable class II dimers only after treatment with ␥-IFN suggested a difference in the processing of class II molecules in the presence or absence of inflammatory cytokines. To determine if these differences were functionally relevant with respect to T cell stimulation, we then tested the HLA-DRB1*0401 transfectants for their ability to process and present peptide antigens to T lymphocytes. In the first series of experiments, the responder T cells were CD4 ϩ T cell hybridomas generated after immunization of HLA-DRB1*0401 transgenic mice with (a) whole TT or (b) HSA (see Methods). The precise HLA-DR restriction of the T cell hybrids to HLA-DRB1* 0401 was confirmed using a large panel of HLA-DR typed Figure 3 . Transfected HLA class II molecules can be expressed at high levels in IEC lines, but are only stable in SDS after treatment with ␥-interferon. (A) Flow cytometric analysis of class II expression using the mAb L243, as in Fig. 1 A. DR4 corresponds to the HLA-DRB1*0401 transfectants generated using retroviral vectors without the addition of ␥-IFN. ϩ␥-IFN corresponds to the wild-type cell treated with 500 U/ml ␥-IFN for 48 h before staining. WT, the staining of wild-type cells with L243. (B) Detection of SDS stable class II ␣␤ dimers in the HLA-DRB1*0401 transfectants by immunoblot analysis using the mAb DA6.147 which detects both the HLA-DR ␣ monomer and the HLA-DR ␣␤ dimer. NR, the nonreduced, nonboiled lysates prepared in 2% SDS as outlined in Methods. R, identical samples boiled for 10 min in the presence of DTT. Arrow DR␣␤, the 55-60-kD reactivity of the HLA-DR ␣␤ heterodimer. Arrow DR␣, the ‫ف‬ 30-kD HLA-DR ␣ monomer. Where indicated, cells were treated with 500 U/ml ␥-IFN for 48 h before preparation of the cell lysate. B-LCLs (data not shown). Epithelial cells transfected with and expressing a HLA-DRB1*1101 (DR5) allele and HLA-DM deficient BLS cells transfected with HLA-DRB1*0401 were used as negative controls in the antigen processing experiments. Fig. 4 A shows data from a representative processing experiment using the TT-specific T cell hybridoma. T84 (Fig. 4 A) and HT-29 (Fig. 4 B) HLA-DRB1*0401 transfectants treated with ␥-IFN for 48 h processed intact TT and presented peptide in an HLA-DR restricted manner. Identical results were obtained using HSA and the HSA-specific T cell hybridoma (data not shown). Maximal values for the T84 transfectants treated with ␥-IFN were consistently as high or higher than the B-LCL expressing the HLA-DRB1*0401 molecule (Priess).
The maximal values seen in the HT-29 transfectants were consistently 20-40% of those seen in similarly treated T84 transfectants. In no instance was T cell activation observed within either cell line transfected with HLA-DRB1*1101.
Fixation experiments were performed to formally exclude the possibility that IECs merely were presenting contaminating antigenic peptides rather than processing whole antigen. Epithelial cells were treated with 1% paraformaldehyde before, or 4 h after, the addition of antigen. Additionally, with the HSA-specific T cell hybridoma (where the peptide specificity has been determined) peptide was added after prefix- Figure 5 . IEC lines can process and present antigen in the absence of ␥-IFN when exposed to antigen at high concentration. (A) TT dose-response curves for the T84 DR4 and DR5 transfectants, in the presence or absence of ␥-IFN (500 U/ml) as indicated. (B) As in A, using Priess and a BLS cell line transfected with HLA-DRB1*0401 as APCs. In both A and B, the data presented represent lymphokine production by a HLA-DRB1*0401-restricted T cell hybridomas specific for TT, assayed using the HT-2 cell line, as described in Fig. 4 . ation (prefix ϩ peptide). As seen in Fig. 4 C, prefixation of APC before antigen addition abrogated T cell stimulation. The lack of inhibition in the postfix condition and the complete restoration of the response by adding peptide after prefixation suggest that the effects seen were not the result of the destruction of the HLA class II molecules on the cell during the fixation process. These data (and the drug inhibition data that follow) suggest intracellular processing of antigen is required in these assays to stimulate the T cell hybridomas.
Interestingly, the HLA-DRB1*0401 transfected IEC lines were able to process antigen and stimulate the T cells even in the absence of ␥-IFN when exposed to a relatively high concentration of antigen. The observed processing was dose-dependent (Fig. 5 , and similar data with HSA not shown). The responses observed at concentrations above 10 M were 10-20% of those seen at the same concentration of antigen in the presence of ␥-IFN. The dose response curves comparing antigen processing in the BLS cell line transfected with HLA-DRB1*0401 to the normal B-LCL Priess (homozygous for HLA-DRB1*0401) showed a similar pattern to that seen with the epithelial cell transfectants with and without ␥-IFN (Fig. 5 B) .
To investigate whether the antigen presentation observed in the absence of ␥-IFN required high levels of surface class II expression, we sorted the pools of T84 DR4 transfectants using FACS ® into high (mean channel fluorescence [mcf] ϭ 965), medium (mcf ϭ 383), and low (mcf ϭ 95) fractions and analyzed them independently for their ability to process and present antigen at various antigen concentrations in the absence of ␥-IFN. As seen in Fig. 6 , although the difference between the surface class II expression in the high and low fractions is more than 10-fold, only modest differences in processing were seen. It is difficult to directly compare the low expression seen in T84 to the low level of expression seen in normal enterocytes in situ. Still, these data suggest that IEC do not require the extremely high levels of surface class II seen in the context of inflammation to stimulate CD4 ϩ T cells. In marked contrast, SW620 cells transfected with the identical HLA-DRB1*0401 allele and expressing this molecule at a high level on its surface were observed to be essentially incapable of processing and presenting antigen (Fig. 6) . Hence, overloading any cell line with class II alone is insufficient to confer the ability to process and present antigen to CD4 ϩ T cells. Next, we tested several drugs known to block antigen presentation in other systems (a) to determine whether antigen processing by IECs was inhibited in a similar manner to conventional APCs, and (b) to determine whether one could pharmacologically distinguish the ␥-IFN-dependent from the ␥-IFNindependent processing seen in the IEC lines. We compared the response of the drugs in the T84 HLA-DRB1*0401 transfectants with and without ␥-IFN to the response of the HLA-DRB1*0401 B-LCL Priess. The data are normalized to the T cell stimulation observed in the absence of drug. The transfectants were analyzed by flow cytometry after treatment with the highest concentration of the individual drugs and no decrease Figure 6 . High levels of class II are neither necessary nor sufficient for efficient stimulation of CD4 ϩ T cells in the absence of ␥-IFN. T84 HLA-DRB1*0401 transfectants, initially selected and expanded as pools, were sorted into high, medium, and low expressing fractions using the mAb L243 and a FACSCAN ™ cell sorter. Mean channel fluorescence of these populations are detailed in the text. The three populations were tested independently for their ability to stimulate the TT-specific, HLA-DRB1*0401-restricted T cell hybridomas after pulsing with various concentrations of TT as in Fig. 4 . SW620 HLA-DRB1*0401 transfectants (not sorted) were analyzed in parallel under identical conditions. IL-2 was quantitated as outlined previously.
in the surface expression of HLA class II molecules was observed (data not shown).
Several distinct patterns were observed. Some drugs, as is seen with chloroquine ( Fig. 7 C) , bafilomycin A 1 (Fig. 7 D) , and brefeldin A (not shown), inhibited the antigen processing by the B-LCL, as well as the T84 HLA-DRB1*0401 transfectants with or without stimulation by ␥-IFN. Interestingly, leupeptin consistently inhibited the antigen processing seen in B cells and in the ␥-IFN treated epithelial cell transfectants, but showed no inhibition of the ␥-IFN-independent processing and presentation (Fig. 7 B) . Conversely, pepstatin modestly stimulated the ␥-IFN-independent antigen processing in the epithelial transfectants, but not that seen in the B-LCL-or ␥-IFN-treated epithelial cell transfectants (Fig. 7 A) . These data suggest that the intrinsic HLA-DM and Ii independent pathway in the epithelial cells differs biochemically from the antigen processing seen in the presence of inflammatory mediators.
IEC HLA-DR transfectants stimulated the proliferation of normal human CD4
ϩ T cell clones. To extend our observations on the T cell hybridomas, we investigated whether the epithelial cell transfectants could stimulate the antigen-specific, HLA-DR-restricted proliferation of human T cell clones. TT-specific, HLA-DRB1*0401-restricted human T cell clones were generated and tested in antigen processing assays using IECs as APCs. As shown in Fig. 8 A, ␥-IFN-stimulated T84 HLA-DRB1*0401 cells pulsed with TT were capable of stimulating the proliferation of two independent T cell clones in an antigen-specific and HLA-DR-restricted manner.
CD80 and CD86 were not expressed in any of the epithelial cell lines tested and were not induced by ␥-IFN alone or in combination with GM-CSF or TNF␣ (data not shown).
Discussion
IECs express a low level of HLA class II antigens constitutively, and their expression is enhanced in inflammatory conditions including IBD (1) . In this study, we describe two distinct pathways for antigen processing by IECs that distinguish between the activated and nonactivated states. One pathway is similar to that seen in conventional APCs, uses similar proteases, Ii, HLA-DM ␣␤, and facilitates efficient antigen presentation even at low antigen concentrations. The other pathway functions independent of Ii and HLA-DM ␣␤, and requires a relatively high concentration of antigen to elicit T cell stimulation.
The ␥-IFN stimulated IEC lines express SDS-stable HLA-DR ␣␤ heterodimers, Ii, HLA-DM ␣␤, and contain sufficient protease activity to efficiently process and present exogenous protein antigens to CD4 ϩ T cells. The observation is unlikely to be unique to the IEC lines as enterocytes from inflamed colon (in contrast to those from uninflamed specimens) were also shown to express HLA-DMA and -B, and the expression could be augmented further with exogenous ␥-IFN. In our experiments, the ␥-IFN-dependent antigen processing seen in the T84 cell line was inhibited by chloroquine, bafilomycin, and leupeptin, suggesting the use of an acidic cellular compartment and cysteine proteases in class II processing. In fact, the ␥-IFN stimulated T84 cells were as effective in stimulating the T cell hybridomas as a B-LCL over a wide range of antigen concentrations. These data suggest that in the context of mucosal inflammation, IECs use the conventional class II processing pathway and can function as efficient APCs to CD4 ϩ T cells in the lamina propria. ␥-IFN also effects epithelial barrier function and facilitates paracellular transport of luminal Figure 7 . Drug sensitivity of antigen presentation by intestinal epithelial cells. Antigen processing and presentation assays using the HLA-DRB1*0401 T cell hybridomas specific for TT were performed in the presence of various concentrations of pepstatin (A), leupeptin (B), chloroquine (C), and bafilomycin (D). All data were obtained using 10 M TT, and, where indicated, 500 U/ml of ␥-IFN. Relative T cell stimulation is an index that normalizes the counts per minute at a specific drug concentration to the counts per minute in the absence of any drug, for each cell line. Lymphokine production by the hybridoma was assayed using the HT-2 cell line, as described in Fig. 4 . ᭺, T84DR4 ϩIFN; , T84DR4; ᭡, Priess.
antigens (36) . Hence, both the basolateral and apical surfaces of the enterocyte would be exposed to high concentrations of antigen and could participate in the endocytosis of foreign antigens to initiate processing via class II molecules.
We also demonstrated that IEC lines possess a functional class II pathway that operates in the absence of ␥-IFN (and therefore in the absence of Ii and HLA-DM) and requires a relatively high concentration of antigen. The presentation of exogenous foreign antigens by an APC requires the endocytosis, proteolysis, and loading of the processed peptides onto newly synthesized HLA class II ␣␤ heterodimers. Ii, encoded by a non-MHC-linked gene, physically associates with nascent HLA class II molecules in the endoplasmic reticulum and directs the complex to an acidic intracellular compartment where peptide loading occurs (for review see reference 9). The products of the MHC-linked HLA-DM ␣ and ␤ genes facilitate the removal of residual portion (CLIP) of the Ii from the peptide binding groove of the HLA class II molecules and its replacement with an antigenic peptide. Without the leucine-based endocytic targeting of the newly synthesized class II molecules normally provided by the cytoplasmic tail of Ii (37), or cytoplasmic tail of the HLA-DRA (38) or -DRB chain (38, 39) , the mechanism of antigen presentation is likely to involve the recycling of class II molecules from the surface to an endocytic compartment where loading of endocytosed, partially degraded peptides can occur. The ␥-IFN-independent pathway in IEC is inhibited by bafilomycin, a specific inhibitor of vacuolar [H ϩ ]ATPase activity (40, 41) , suggesting the involvement of an acidic late endosomal or lysosomal cellular compartment where degradation of internalized protein antigen would occur. Our data from the BLS HLA-DR transfectants, and data from several groups demonstrating Ii-independent antigen processing indicate that this pathway is not specific to IECs and is likely to be peptide epitope specific (39, 42; for review see reference 43). However, this pathway may be especially relevant to the physiology of the IEC for two reasons. First, IECs are constantly exposed on their apical surface to the highest concentration of foreign antigen in the body and therefore may sample and present antigens even in the absence of inflammation. Second, unlike conventional APCs, a subset of IECs may normally express class II antigens in the absence HLA-DM (and possibly Ii). Several recent reports have underscored the importance of HLA-DM in editing the peptides that are presented by class II molecules (44) . Hence, the HLA-DM-independent pathway would be likely to result in the processing and loading of peptide epitopes that differ from those seen in the context of mucosal inflammation.
The inhibitor studies point to a important distinction between the two processing pathways. Intracellular protease activity is required both for the proteolytic degradation of endocytosed proteins to antigenic peptides, and for the normal processing of the HLA class II/Ii complex to an intermediate that is a substrate for the HLA-DM ␣␤ heterodimer. In contrast to the ␥-IFN-stimulated cells and the B-LCL, the antigen processing seen in the untreated HLA-DR transfectants was not inhibited by the cysteine protease inhibitor leupeptin. These data suggest that this pathway is less dependent on the cathepsin proteases B, D, and L that are normally implicated in class II antigen processing (45) (46) (47) and are consistent with the lack of requirement for Ii in this pathway. Interestingly, only the ␥-IFN-independent processing was modestly stimulated by the aspartyl protease inhibitor pepstatin. This correlates with the decreased aspartyl protease activity and the enhanced processing seen in the T84 transfectants stimulated with ␥-IFN. Moreover, these findings are consistent with the observations of Vidard et al., which detailed the enhancement of antigen processing and presentation of certain peptide epitopes of ovalbumin after treatment of APCs with protease inhibitors (48) . Hence, an important aspect to the regulation of antigen processing in tissues such as epithelia that are rich in aspartyl-proteases may also involve the specific downregulation of protease activity to prevent the degradation of protein antigens to peptide fragments too short to serve as peptide ligands for HLA-DR mediated antigen presentation.
The early reports describing antigen presentation by IECs in human (14) and rat (15) reported the proliferation of CD8 ϩ T lymphocytes with suppressor activity after stimulation of primed T cells with antigen pulsed, class II expressing IECs. However, HLA class II molecules are unlikely to stimulate CD8 ϩ T cell responses. Indeed, recent data in humans suggest that the HLA class I like CD1d molecule, which is expressed on IECs (49) is involved in the stimulation of CD8 ϩ T cells in the mucosa (50; for review see reference 51). Subsequent studies suggested that rat enterocytes were unable to efficiently process protein antigens when compared to conventional APCs, and that antigen presentation by IECs was not sensitive to leupeptin (52). These findings are consistent with the leupeptin independence and relatively inefficient processing we observed in the IEC transfectants not treated with ␥-IFN. Parallel studies in murine systems are somewhat conflicting. Kaiserlian et al. have demonstrated efficient class II restricted processing and presentation of antigen to CD4 ϩ T cell hybridomas using purified murine villous IECs (16). Hoyne et al. subsequently described the inability of murine IECs to process protein antigens, despite their ability to present peptides to T cells (53) . Whether differences in the protocols used to isolate the IECs and/or differences in baseline levels of intestinal inflammation can reconcile these differences remains to be seen. In this regard, variability in class II expression is observed along both the crypt-villous (1) and rostral-caudal (54) axes, probably underscoring important regional distinctions in the ability of the intestinal epithelium to process and present antigen to T cells.
In summary, IECs have extensive contact with T lymphocytes both within the epithelium and in the underlying lamina propria (55) . IECs are capable of expressing HLA class II molecules in a variety of immunopathological contexts characterized by mucosal inflammation with the associated production of inflammatory cytokines. In the presence of ␥-IFN, IECs become competent, efficient APCs, and are likely to contribute to the stimulation of CD4 ϩ T cells that accumulate in the intestinal mucosa. In the absence of ␥-IFN, IECs can use a distinct class II pathway that requires higher concentrations of antigen and functions in the absence of HLA-DM. The polarized morphology of IECs underscores the functional segregation between apical and basolateral events. It is possible that the ␥-IFN-dependent and -independent pathways will correspond to antigen processing after endocytosis from the apical and basolateral surface, respectively. In addition, oral tolerance to fed antigens, which does not occur in mice after administration of ␥-IFN (56), may be associated with the selective use of the nonconventional class II pathway in enterocytes.
